Abstract-This paper proposes a hybrid electronic and magnetic structure that enables transformers with "fractional" and reconfigurable turns ratios (e.g. 12:0.5, 12:1, 12:2). This functionality is valuable in converters with wide operating voltage ranges and high step-up/down, as it offers a means to reduce copper loss within the transformer while also facilitating voltage doubling and quadrupling. We introduce the principle of operation of the structure and present models for its magnetic and electrical behaviour. An experimental prototype capable of accommodating a widely varying input (120-380 V dc ) and output (5, 9, 12V) validates the operating principle and modelling of the proposed structure and achieves conversion efficiencies between 93.4% and 95.7% at 25-36 W.
I. INTRODUCTION
A widespread application of power electronic converters is as chargers for dc loads such as smartphones, tablets, and laptops. Given the portable nature of these devices and their abundance, there is significant interest in miniaturizing the chargers that power them. Such miniaturization is a challenge, however, as it requires both a reduction in the volume of the converter and an increase in efficiency to ensure that tolerable temperature rises occur within the miniaturized package [1] .
Advancements in switch technologies, such as the introduction of GaN FETs, have enabled tremendous gains in the size and performance of the active switches used in power electronic converters, but advances in the passive components have lagged. Presently, passive components dominate the size and performance of power electronic converters and therefore present the major bottleneck to miniaturization. While both capacitive and inductive elements limit volume, power-stage magnetic components (i.e. those inductors and transformers that are fundamental to the power transfer mechanism of the converter) present an important limitation on size and efficiency [2] .
Many power electronic converters rely on transformers to satisfy isolation safety requirements and to achieve the bulk of their voltage conversion ratio. For example, wall chargers for conventional USB-powered portable devices must interface at their input to the ac grid (up to 375 V peak voltage in regions employing a 240 Vac grid) and must step-down to as low as 5 Vdc at their output, corresponding to a 75:1 voltage conversion ratio. To achieve such step-down, it is typical to employ a transformer with a large turns ratio (e.g. 22:1) [3] . This demanding specification aggravates the volume and efficiency limitations of the transformer for two key reasons.
Firstly, in applications where the transformer processes low voltages and high currents (as in the output of many converters), it is likely that the copper loss of the transformer far outweighs the core loss, and this imbalance compromises the efficiency of the transformer. For a given transformer conversion ratio (e.g. 22:1), the choice of the number of primary and secondary turns used to implement this ratio provides a means to balance core and copper loss inside the transformer. Specifically, as the number of turns is scaled down, copper loss is reduced at the cost of increased core loss. In applications with low voltages and high currents, this is the desired trade-off. However, this trade-off is fundamentally limited since fractional turns cannot be employed in a conventional transformer -at minimum a single full turn is required. If the transformer losses are not balanced after scaling down to a single-turn on either of the windings, one must either accept the reduced efficiency of the transformer or find another means to optimize loss (typically by increasing the size and window area of the transformer core).
A second limitation of transformers requiring large turns ratios is that placing a high number of turns around a core can in itself be problematic or unfeasible. This is particularly important when planar transformers, which offer tremendous potential for improved fabrication and miniaturization [4] - [6] , are employed. In a planar transformer windings are routed as traces on a printed circuit board (PCB), and these traces must adhere to the trace width and spacing fabrication requirements of the PCB. Thus, in addition to meeting current and voltage requirements, the trace width and trace-to-trace spacing must each be wide enough to meet the PCB fabrication requirements. Not only does this manufacturing constraint increase the resistance and copper loss of the transformer, it creates the possibility that a required number of turns cannot be accommodated at all in a given core window width.
Finally, in many power electronic converters where a transformer is employed to achieve large voltage conversion ratios, there is also a need to accommodate wide operating ranges. For example, Universal Serial Bus -Power Delivery (USB PD) wall chargers must typically accommodate universal ac voltage (85 -265 Vac) at their input, while regulating to specific voltages between 5 and 20 V dc at their output [7] . In conventional designs, these wide operating ranges are managed by changing the operating point of the regulating converter (e.g. by changing the duty-cycle of a flyback converter). However, the combination of the large voltage conversion ratios and the large variations in conversion ratios represent a significant design challenge that compromises efficiency and limits the ability to miniaturize the system [3] . Similar constraints exist in other wide-output-range applications such as Dynamic Voltage Scaling (DVS) for electronic loads and Adaptive Power Tracking for rf amplifiers.
This paper proposes a hybrid magnetic/electronic structure that realizes a transformer with an effective fractional and reconfigurable conversion ratio. Together, these qualities enable miniaturization of the transformer stage in converters where variable high step-up/down ratios are required. The proposed structure is called a "Variable-Inverter-Rectifier-Transformer" (VIRT), named this way because it fundamentally connects the rectifier stage (or inverter, or both) of a converter to the magnetic structure of the transformer and through this hybridization enables variable conversion ratios. While hybridization of passive and active electronic elements has been used to a limited extent in some applications (e.g., for rf power combining/matching [8] , [9] and actively-controlled antennas [10] - [14] ) this largely represents an untapped direction in power electronics, with significant potential benefits in many applications.
II. PRINCIPLE OF OPERATION
An example VIRT structure is shown in Fig. 1a . Here, two full-bridge rectifiers are distributed around a magnetic core and connected through two half-turns on the secondary side. The primary winding is not shown but it comprises an arbitrary number of turns wound around the center-post. The two rectifiers are named A and B. Rectifier A comprises the half-bridge cells labelled A1 and A2, and rectifier B, cells B1 and B2. Each half-bridge cell is directly connected to the output bus through the terminals labelled +V o and GN D, for example through power and ground planes that are routed outside the magnetic core.
Each rectifier can be operated in full-bridge (FB), halfbridge (HB), or "zero" mode. For example, if rectifier A is operated in FB mode, then both A1 and A2 are active and switching as a conventional full-bridge rectifier. In HB mode, cell A1 operates as a conventional HB rectifier while A2 is held in the low state. In zero mode, both cells A1 and A2 are held in the low state to provide an effective ac short of that section of the winding.
The principle of operation can be intuitively understood by considering the path of the induced secondary-side current. For example, consider operating in a full-bridge/full-bridge (FB/FB) manner in which rectifiers A and B are both in FB mode and cell A1 is switched in-phase with cell B1. Assume that flux through the core is generated by applying an ac voltage with peak V p onto the N p primary turns such that ac current is induced in the secondary winding. When Moreover, as will be described in greater detail below, this is done with reduced secondary conduction path length, improving the achievable conduction loss.
III. ELECTRICAL MODEL
To derive an electrical model of the VIRT in Fig. 1a and better elucidate the current and flux patterns in the transformer, we must first develop a magnetic circuit model. To this end, we model the current flow in the system as closed loops around the core as shown in Fig. 2a . In this figureî A andî B represent the currents that flow between the half-bridge cells in rectifiers A and B, respectively. For the purposes of modelling, these currents are drawn as returning outside the core via the ground plane. Note that in practice one would expect these current components to be equal since the two-half turns and the rectifiers are identical and symmetric, and effectively form a single loop onto which current is induced by flux passing through the center-leg in Fig. 1a . In this case current is not expected to return around the core and so these current components outside of the core are deemed "virtual" -they are invoked for modelling purposes only. Another "virtual" current componentî G is included in the model whereî G =î A =î B such that the (virtual) outer current components ofî A andî B are cancelled. The resulting net current flow in this model is equivalent to the physical current that flows through each half-turn as in Fig. 1 .
From this model, it is straightforward to synthesize the magnetic circuit model shown in Fig. 2b . In practice, the magnetomotive force (MMF) associated with the "short-circuit" path ofî G is associated with a small induced voltage due to the small resistance R SH of the ground-plane. The relationship between the flux and this MMF can be modeled by a transferance element L as shown in Fig. 2c [15] . In the limit where R SH → 0, L → ∞ and the circuit simplifies to a standard three-winding transformer with a parallel magnetic circuit. Assuming symmetry between the core legs so that R CA = R CB , the simplified electrical model in Fig. 3 can be derived.
A. Magnetizing inductance
In the "symmetric" operating modes (FB/FB and HB/HB) the magnetizing inductances are ideally
2 ). In the "asymmetric" operating modes (FB/0 and HB/0), the MMF of the winding associated with the zeroed rectifier ideally does not contribute to the magnetizing inductance and this changes the expressions for L A and L B . For example, consider HB/0 operation where half-bridge cells A2, B1, and B2 are held in the low state. In the limit where the on-state resistance of the switches is zero and winding and ground plane resistance is negligible, the MMF of the winding is modeled by a transferance element which approaches an open circuit (i.e. flux is ideally rejected from this part of the core). Thus, in the "asymmetric" modes, the inductances are ideally changed to
IV. COMPARISON TO CONVENTIONAL TRANSFORMER
In order to understand the performance gains of the VIRT it is insightful to compare it to the conventional 2N p :1 transformer plus rectifier structure in Fig. 4 . For ease of comparison it is assumed that all rectifier switches can be soft-switched and conduction loss is the dominant source of loss in the switches. This can be achieved, for example, if the transformers are connected as part of an LLC converter. We treat the symmetric rectifier modes, FB/FB and HB/HB, separately from the asymmetric FB/0 and HB/0 modes since these asymmetric modes do not have a direct analogue to the conventional configuration.
A. FB/FB and HB/HB modes
In the FB/FB and HB/HB modes, the same voltage conversion ratios are achieved as when operating the conventional configuration in FB or HB mode, respectively. For example, when operating in FB/FB mode, and assuming squarewave modulation of the rectifiers for simplicity, the input to each rectifier in Fig. 3 is a square wave with peak V o . Reflecting these voltages across the transformer in Fig. 3 yields
as expected from the discussion in Section 2. When operating the conventional 2N p :1 transformer in full-bridge mode, the same relationship is derived. This equivalence is consistent with the idea of transitioning between a 2N p :1 transformer and an N p :1/2 transformer: the voltage conversion ratio is not changed when the number of primary and secondary turns are scaled by the same multiple.
Similarly, although the VIRT requires twice the number of switches than the conventional full-bridge rectifier of Fig.  4 , the conventional configuration must employ switches that are rated for twice the current. This is a result of the VIRT rectifiers being effectively paralleled in the FB/FB and HB/HB modes, allowing each of them to process half the current delivered to the output. In the conventional configuration, the full output current must be processed by the single rectifier. The net effect of this is that the conduction loss in both configurations is identical for the same transistor area. This too aligns with the expectation that the overall current flow across two transformers with the same voltage conversion ratio should not be impacted by the number of turns used to create that conversion ratio.
Viewing VIRT as an implementation of an N p :1/2 transformer, the trade-off between copper loss and core loss between it and the conventional configuration is also evident. For the same output voltage V o , both configurations have the same primary voltage V p but the 2N p :1 transformer divides this voltage on twice as many turns as VIRT, reducing the peak flux density in the core and therefore reducing the core loss. Similarly, for the same current i p in the primary, the 2N p :1 transformer has at least twice the dc resistance as the N p :1/2 transformer, and thus experiences increased copper loss.
Note that if the same primary voltage is applied to the VIRT, core loss is fixed between the FB/FB and HB/HB modes. If the same primary current is applied, copper loss is also fixed. Transitioning between the modes does not inherently change the loss of the transformer unless each mode is operated with different primary voltages or currents.
Finally, note that the schematic of Fig. 3 is equivalent to a circuit where the two rectifiers are each connected to a single-turn wound around one of the two outer core legs. This configuration is therefore operationally identical to VIRT with the exception that it comprises longer secondary conduction path lengths. Specifically, in the VIRT the ac current induced onto the secondary windings only traverses the two half-turns, while in the alternate configuration the induced secondary current traverses two "full" single-turns.
B. FB/0 and HB/0 modes
FB and HB operation in the conventional configuration of Fig. 3 matches VIRT operation in the FB/FB and HB/HB modes, respectively. Thus the ability to operate in the FB/0 and HB/0 modes represents additional operating freedom. In this section we focus on HB/0 mode as it enables a voltage conversion ratio that is unachievable in the conventional configuration.
Consider operating in HB/0 mode such that the half-bridges A2, B1, and B2 are in the low state while A1 remains switching. The voltage conversion ratio is V o = 2V p /N p , representing a voltage quadrupling over the FB/FB conversion ratio that is unachievable by the conventional configuration. However, this additional operating benefit comes at the price of increased core loss. As discussed previously, assuming operation in the HB/0 mode with rectifier B zeroed, a shortcircuit is effectively created around the right-side core leg which theoretically forces all of the flux generated by the primary to be routed through the left-side core leg. This leg will therefore experience up to twice the peak flux density compared to symmetric operation. This yields an increase in core loss for the same voltage applied to the primary as in the FB/FB and HB/HB cases due to the superlinear dependence of core loss on flux density.
Additionally with rectifier B zeroed, the active rectifier (A) must process the full output current (there is no longer any current sharing between the rectifiers). However, current is still induced through the zeroed rectifier (B) and it carries current comparable to the full output current. Thus, both rectifiers must be rated for the full output current while in the FB/FB and HB/HB modes they need only be rated for half the output current. Note that this detriment is mitigated if one operates in each mode at the same maximum power. For example a FB/FB rating of 5V/10A, HB/HB rating of 10V/5A, and HB/0 rating of 20V/2.5A can all be accommodated by rectifiers with the same current rating.
Finally, as discussed previously, "shorting" the winding by operating rectifier B in zero mode may also change the net magnetizing inductance in Fig. 3 . For example, if the corepath reluctances are set by using a fixed gap across all three core legs, and assuming the center-post has twice the crosssectional area of the side-posts and that the gap dominates the reluctance of the core paths, then R CA = 2R CC . In this case, if the symmetric operating mode yields a net primary-referred magnetizing inductance L M then the asymmetric operating mode yields a net primary-referred magnetizing inductance 2 3 L M . Alternatively, if the gap is only in the center-post, and this gap dominates the reluctance of the core, the magnetizing inductance is theoretically unaffected by the transition to HB/0 mode. The capability to use HB/0 mode to invoke a change in magnetizing inductance may be a useful feature in some resonant topologies where it can provide a mechanism for changing the voltage gain curve for a fixed load [16] .
V. EXPERIMENTAL DESIGN
An experimental prototype is developed that supports a wide range of operating conditions as shown in Table I . The input voltage range of 120-380 V dc (peak of universal ac voltage) and an output voltage selectable from among 5V, 9V, and 12V at 5A, 4A, and 3A, respectively, are example operating points at typical voltages and power levels. The demanding step-down ratio and wide-range of these operating points make them well-suited for application of the VIRT structure. Additionally, these points are pedagogically valuable as they represent the general case where the desired output voltage range cannot be achieved by simple voltage doubling or quadrupling. In this case, because the output voltages in the example specification are not integer multiples of one another, additional gain variability is required beyond the scaling offered by VIRT. Similarly, choosing to employ VIRT only on the rectifier side for simplicity of demonstrating the technique, a means for dealing with the widely varying input voltage is also required. With these requirements in mind we employ a stacked-bridge LLC converter interfaced with VIRT as shown in Fig. 5 . The LLC parameters are listed in Table  II and the components used in the experimental prototype are shown in Table III . A labeled picture of the prototype converter is shown in Fig. 6 .
A. VIRT Rectifier Implementation
The VIRT employs two full-bridge rectifiers where each switch is operated as a synchronous rectifier. The FB/FB mode, where all the switches are active, is employed for the 5V output while the HB/HB mode, where half-bridge cells B2 and A2 are held in the low state, is employed for the 9 and 12 V outputs. The result of this re-configuration is that the effective dc output voltage that the LLC must regulate is compressed from 5-12 V to 4.5-6 V.
B. VIRT Transformer Implementation
A planar transformer is employed on a two-ounce, four-layer, 0.062", FR4 printed circuit board with an EQ20/PLT+3F36 core. A PCB core thickness of 0.025" provides greater than 2.5 kV isolation between primary and secondary and the rectifier switches are placed on the top layer in order to respect this "vertical" isolation barrier [17] . The rectifiers are located symmetrically around the core and are tightly spaced to minimize the excursion of current outside the core. Output voltage and ground planes are routed outside the transformer to provide a low-resistance path for dc current between the half-bridge cells and the output bus connection at the edge of the board.
C. Inverter Implementation
The stacked-bridge inverter can be operated in two modes to achieve voltage-halving or voltage-quartering using the "Variable Frequency Multiplier" technique as described in [18] and [19] . The inverter is operated with voltage-halving when the input voltage is between 120 and 190 V, and voltagequartering when the input voltage is between 190 and 380 V. The result of this re-configuration is that the ac squarewave input to the LLC resonant tank has a peak voltage range of 47.5-95 V. Note that balancer circuits are employed as shown in Fig. 12 to ensure voltage balancing between the input capacitors.
D. LLC Design
The voltage gain of the converter can be expressed in a similar manner to a classic half-bridge LLC,
Where M g,LLC is the (variable) gain function of the LLC, M inv is the gain of the inverter topology, and N p and N s are the number of primary and secondary turns, respectively. In the case of VIRT, N s /N p represents the effective transformer turns ratio which is set by the VIRT operating mode,
M inv is also a controllable quantity due to the stacked inverter topology and the ability to operate in VFX mode,
Due to the re-configurability of the VIRT and the stacked bridge, the LLC effectively interfaces a 47.5-95 V input to a 4.5-6 V output, corresponding to a reduction in the required LLC step-down ratios from 10-76 V/V to 7.92-21.1 V/V. This 2.66 times gain variation can be reasonably accommodated by the LLC resonant tank, while the original 7.6 times gain variation would yield unacceptably large stress on the components of the LLC converter [20] .
The LLC is designed using a conventional procedure as described in [20] and the resulting component values are shown in Table II . The key addition to this procedure is that one must now consider the gain curve for each output voltage and output power pair separately since they may each provide a separate effective load resistance to the resonant tank, as discussed in the Section V-E. As is conventional, the LLC is operated below resonance to achieve Zero Voltage Switching (ZVS) on the inverter switches, which operate at high voltage, and Zero Current Switching (ZCS) on the secondary-side synchronous rectifiers, which operate at high current. The selected normalized tank parameters are Q = 0.146 and L n = 7.45 (where Q is associated with full load in the HB/HB mode), chosen to yield sufficient gain at all of the operating points while also ensuring primary-side ZVS.
Note that the resonant inductance is achieved in this case by a combination of the primary-referred leakage inductance of 
the transformer (≈2.1μH) and an external inductance (≈3.5 μH). This external inductance is implemented in a split manner as two series-connected 1.75 μH inductors in order to ensure that the inverter is symmetrically loaded. Similarly, the resonant capacitor is implemented as two series 6.94 nF capacitors, each directly connecting to an inverter switching node as shown in Fig. 6d .
E. Effective load resistance for LLC design
The conventional LLC design procedure requires that the load resistance, R L , be reflected through the output rectifier and across the transformer to synthesize an effective load resistance in parallel with the net primary-side magnetizing branch [20] . Although the VIRT employs multiple rectifiers, a similar method can be used as in the conventional configuration to synthesize the effective load resistance.
In a conventional LLC design with a single full-bridge rectifier connected to the secondary of an N p :N s transformer, the load resistance R L is mapped to the primary-side magnetizing branch as R e,F B = Table IV .
VI. EXPERIMENTAL RESULTS
The gain versus operating frequency curves are extracted from the experimental prototype and are compared to an idealized simulation of the circuit in Fig. 5 and a conventional fundamental harmonic approximation (FHA) analysis. The results for Inverter Mode 1 operation are shown in Fig. 7a and Inverter Mode 2 in Fig. 7b . The experimental results are in good agreement with simulation, within 7% of the expected gain at low frequencies and with excellent matching at higher frequencies, indicating that the circuit in Fig. 5 well models the physical system.
Both the experimental and simulated results yield LLC gains that are larger than the results of the FHA analysis, as is expected for operation below resonance [20] . However, FHA remains an effective first-pass design tool for this LLC converter and the use of VIRT does not further compromise its use.
Experimental waveforms demonstrate the inherent symmetry of the rectifiers in the VIRT. For example Fig. 8 shows V A1 and V B1 (ref. that occur during the discontinuous conduction state associated with below-resonance operation of the LLC. This equivalence verifies that the VIRT operates symmetrically and that the "series transformer" model in Fig. 3 is appropriate.
The efficiency of the converter versus input voltage is shown in Fig. 9 . The results show that the efficiencies of the different operating conditions are well grouped in each inverter mode, ranging from 94.4-95.7% in Inverter Mode 1 and 93.4-95.2% in Inverter Mode 2, demonstrating the effectiveness of VIRT in enabling good performance over large output voltage variation. The reduction in efficiency in Inverter Mode 2 is attributable to the mode change of the inverter rather than the operation of the VIRT. For example, the 380V Inverter Mode 2 cases excite the LLC resonant tank in a theoretically identical manner as the 190V Mode 1 cases (i.e. V inv are theoretically identical), and in experiment they are observed to yield nearly identical rectifier voltage waveforms, thus suggesting the inverter mode shift as the source of the additional loss.
A. Explicit demonstration of VIRT turns-ratio variability
The experimental results presented above validate the derived model and demonstrate that the VIRT can be deployed with other variable-gain "converter blocks," such as an LLC and an inverter with mode-shifting capability, to realize an architecture capable of wide voltage-conversion capability. Embedded in these results is the voltage scaling that is enabled by the turns-ratio variability of VIRT. For clarity, in this section we explicitly demonstrate the impact of VIRT operation by considering an example case where the gains of the LLC and the inverter are held constant. Consider the change from FB/FB mode to HB/HB mode. In order to keep the LLC voltage gain constant, Table IV dictates that the resistance in the HB/HB mode must be four times larger than in the FB/FB mode case. To this end, consider an example case where we operate in FB/FB mode with a 120V input, Inverter Mode 1, and a load resistance of 1Ω to achieve an output voltage of 3V. Then, to keep the LLC gain constant in HB/HB mode, we operate with 120V input, Inverter Mode 1, and a load resistance of 4Ω, and expect to achieve output voltage doubling to 6V at the same operating frequency. The results of this comparison are shown in 10. Voltage doubling to 6V is achieved in the HB/HB mode and the efficiency remains nearly constant (95.3% vs. 95.4%) as expected from the discussion in Section IV-A. When operating in the HB/0 mode at the same effective output resistance, voltage quadrupling is also achieved. However the LLC gain curve is changed due to the (approximately) two-thirds reduction in magnetizing inductance explained in Section IV-B. Thus, a larger operating frequency is required to achieve the same LLC gain as in the FB/FB and HB/HB modes. Finally, we observe the reduction in efficiency (91.8%) in this operating range, attributable to the increase in core loss associated with asymmetric VIRT operation. Note however that alternative means of achieving voltage quadrupling may yield similar or worse detriments to efficiency -a detailed comparison to an alternative "converter gain block" must be made to correctly assess the value of HB/0 operation in a particular application.
VII. CONCLUSION
In this work, a hybrid electronic and magnetic structure capable of fractional and reconfigurable conversion ratios is presented. An example of the proposed structure, named VIRT, connects the rectifier stage of a converter to the magnetic structure of a transformer, and reconfigurability is achieved by controlling the operating mode (i.e. FB, HB, or zero) of the rectifier in conjunction with flux paths and current paths used in the transformer. A magnetic circuit model employing "virtual" currents enables derivation of an electrical circuit model, and an experimental prototype verifies the operation of the structure, demonstrating the achievement of fractional and variable conversion ratios. The proposed structure is valuable for applications with wide operating voltage ranges that require large and wide-range step-up/down conversion, such as USB wall chargers, and offers strong potential for miniaturization in these applications.
